Abstract-This paper reports the use of a magnetic resonance imaging (MRI) system to propel a ferromagnetic core. The concept was studied for future development of microdevices designed to perform minimally invasive interventions in remote sites accessible through the human cardiovascular system. A mathematical model is described taking into account various parameters such as the size of blood vessels, the velocities and viscous properties of blood, the magnetic properties of the materials, the characteristics of MRI gradient coils, as well as the ratio between the diameter of a spherical core and the diameter of the blood vessels. The concept of magnetic propulsion by MRI is validated experimentally by measuring the flow velocities that magnetized spheres (carbon steel 1010/1020) can withstand inside cylindrical tubes under the different magnetic forces created with a Siemens Magnetom Vision 1.5 T MRI system. The differences between the velocities predicted by the theoretical model and the experiments are approximately 10%. The results indicate that with the technology available today for gradient coils used in clinical MRI systems, it is possible to generate sufficient gradients to propel a ferromagnetic sphere in the larger sections of the arterial system. In other words, the results show that in the larger blood vessels where the diameter of the microdevices could be as large as a couple a millimeters, the few tens of mT/m of gradients required for displacement against the relatively high blood flow rate is well within the limits of clinical MRI systems. On the other hand, although propulsion of a ferromagnetic core with diameter of 600 m may be possible with existing clinical MRI systems, gradient amplitudes of several T/m would be required to propel a much smaller ferromagnetic core in small vessels such as capillaries and additional gradient coils would be required to upgrade existing MRI systems for operations at such a scale.
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I. INTRODUCTION

M
INIMALLY invasive surgery (MIS) can be regarded as a revolution in surgical practices, providing much shorter recovery periods for patients. Although endoscopy and catheterism are currently the most widely used MIS methods, Manuscript received November 11, 2004 ; revised April 10, 2005 . This work was supported in part by a strategic grant from the Natural Sciences and Engineering Research Council of Canada (NSERC), in part by the Canada Research Chair (CRC) in Micro/Nanosystems, Development, Construction, and Validation, Validation Reserche Québec (VRQ), and in part by the Canadian Foundation for Innovation (CFI many sites in the human body are still inaccessible or at high risk when such modern tools are used. The camera pill (11 mm 26 mm) [1] used for the investigation of the gastrointestinal tract and carried by the natural movement of the digestive system is a first good example of the applications of untethered devices in the human body. We can envision that the next step in the evolution of MIS-based applications may come from a new generation of miniature remote wireless controlled devices where maximum dimensions of a few of hundreds of micrometers could be developed in the shorter terms. In many cases, an untethered implementation is suitable in order to reduce the risks of encumbrance of the blood vessels and tissue damages caused by the friction of a tethered wire, especially for complex pathways. Although initially these microdevices would not be capable of performing tasks at a level of complexity equivalent to the catheter, they could be useful for simpler tasks performed in remote sites, which are presently inaccessible to such existing tools. These tasks could include but are not limited to highly localized drug delivery for chemotherapy, thermal treatment of tumors at selected sites, on-site delivery of magnetic resonance imaging (MRI) contrast agents, and carriers for biosensing applications. When microdevices are propelled in the body fluids, especially in the blood circulatory system, a very large number of remote locations in the human body become accessible. However, since the diameters of the blood vessels in the human body may vary from approximately 25 mm (Aorta) down to 0.006-0.010 mm (capillaries) with diameters of 1.0-4.0 mm in large arteries, it is obvious that propelling such wireless microdevices in the human cardiovascular system with existing technologies represents a great technical challenge.
Because the method of propulsion should allow such a microdevice to navigate through the cardiovascular system, the use of the normal blood flow itself must be considered only as a complementary means of propulsion when the travel path is in the direction of the blood flow. As such, it is essential to develop a mean of propulsion that could also steer such a microdevice independently from the direction of the blood flow. Several means of propulsion embedded onto such a microdevice have been proposed [2] and include the use of propellers, electromagnetic and jet pumps, membrane propulsion, and active mechanisms to crawl along the surface of the blood vessels. For instance, a crawling mechanism is presented in a recent study that proposes a propulsion system with six embedded actuating legs made of Nafion [3] . However, because of space constraints when operating in the cardiovascular system and the amount of torque required for propulsion against the blood flow, embedding a propulsion mechanism 0018-9294/$20.00 © 2006 IEEE is not only a major task, but if feasible, it would restrict significantly the amount of volume available within such microdevices to embed MIS-based functionality.
In order to achieve further miniaturization, the proposed propulsion technique consists of applying magnetic gradients generated by an MRI system to exert a displacement force on a ferromagnetic core embedded onto a miniature untethered device [4] , [5] . Since MRI systems generate magnetic gradients and also provide the imaging modality, interfaces, and control within an infrastructure already accessible in clinics and hospitals, the technique is referred here to as magnetic resonance propulsion (MRP) [6] . Other aspects of such MRP systems that are tightly linked to the propulsion have been identified [6] and include primarily the tracking method through MRI-based image distortions generated by the ferromagnetic core [7] and the real-time navigational control of the device within the constraints of a clinical MRI system. Here, only the method of propulsion is addressed in more details.
The use of magnetic gradients to move objects is not recent. One of the first projects, named video tumor fighter (VTF) initiated by the University of Virginia at the end of the eighties [8] - [14] was aimed at moving a ferromagnetic cylinder (thermoseed) through brain tissue so that the cylinder could reach a brain tumor. Once the tumor was penetrated, eddy currents heated the thermoseed. Propulsion of the thermoseed was achieved magnetically by induction coils. The required magnetic field gradients were as high as 5-7 T/m. Although not used in its original form, the technology is currently applied to deflect ferromagnetic tipped catheters [15] .
At Tohoku University, a magnetic propulsion system for small devices in the human body was developed. The system is composed of a screw-shaped cylinder containing a magnet (1-2 mm in diameter and 8-15 mm in length). By applying a rotating magnetic field, the device rotates around its main axis and digs its way through tissues. The velocity of the device is a function of the magnetic moment, the number of revolutions of the magnetic field/s and the pitch of the screw [16] - [24] .
Following the above examples and our primary studies on using magnetic gradients from an MRI to propel a microdevice in the blood vessels, a team at ETH Zurich recently proposed to use Maxwell coils to generate magnetic field gradients in order to produce propulsion forces for microrobots in body fluids [25] .
Although the methods of propulsion using magnetic gradients are not new, the use of a MRI to propel such microdevices is new. Although constrained by the characteristics of clinical MRI systems, this approach offers significant advantages at the system level when compared to other methods. As a matter of fact, MRI system are already implanted in hospitals and provide imaging, tracking, computation, analysis, human interface, gradient coils, cooling systems, real-time navigational control, and several more aspects are tightly linked to the method of propulsion in order to realize a complete and effective system [6] .
II. THEORETICAL MODEL
As a first approximation, a homogeneous spherical microdevice or core is considered in this paper. The preponderant forces acting on this microdevice are the magnetic force provided by the MRI system and the drag force applied by the blood flow. The weight of the microdevice and its buoyancy can be neglected in small blood vessels because such parameters are smaller than the drag force by several orders of magnitude. This is not applicable for larger devices since the effects of buoyancy and weight become comparable to that of the drag force. The drag force encompassed by a sphere in an infinite extent of fluid is expressed as (1) The drag force is a function of fluid density , the relative velocity denoted between the immersed body and the fluid, the frontal area of the immersed body, and the drag coefficient . The drag coefficient is a function of the Reynolds number [26] . For a spherical body, it is expressed as (2) with (3) In (3), is the diameter of the spherical ferromagnetic core and is the viscosity of the fluid.
According to Stokes law of resistance, the drag force in a low Reynolds number flow is no longer a function of the fluid's density but is linearly proportional to the velocity , viscosity and sphere diameter [27] (4)
These conditions prevail in the smallest blood vessels (capillaries to small arterioles or venules). In the scope of this paper's experimental conditions, the Reynolds number is comprised between 1000 and 3000. Hence, (1) and (2) will be used instead of Stokes law of resistance.
For endovascular applications, the effect of the blood vessels walls on the drag force has to be taken into account. Although for some blood vessels such as arteries, the diameter of the blood vessels may vary due to cycles of heart contraction, the initial model is simplified by considering the blood vessels as rigid cylindrical tubes.
The drag force acting on a rigid sphere inside a cylindrical tube is a function of which is the ratio between the sphere's diameter and the tube's diameter as described in [28] - [32] . Many wall effect correlations exist covering many Reynolds numbers ranges. In [30] , correlations working for Reynolds numbers from 0.01 to 10 000 are proposed by Kehlenbeck and Di Felice. These correlations are very useful to define design rules in the cardiovascular system where . Nevertheless, Munroe proposed a simple empirical correlation to calculate the terminal velocity of a sphere with Reynolds number between 1000 and 3000 in a tube and in [32] . Since these and conditions are the ones existing in the experimental setup described in this paper, Munroe's simpler correlation was used instead of Kehlenbeck and Di Felice's to compare with our data. Munroe's study expressed the wall effect as a ratio between the velocity of the sphere in a cylindrical tube and its velocity in an infinite extent of fluid. As showed in (5) (5) Even though this correlation was developed for a sphere subjected to its own weight, the effect of other forces such as the magnetic force or the buoyancy can be regarded as a change in the density of the sphere.
Once and are known, and are computed. The magnetic force required to overcome the drag force acting on a spherical microdevice in a blood vessel can be estimated by applying Newton's third law and taking into account the weight of the microdevice, the buoyancy from the fluid and the drag force at equilibrium (6a) (6b)
In our experimental setup, the Reynolds number and diameter ratio are comprised in the validity range of (5). Hence, this simple calculation method provides an estimation of the magnetic force required for the displacement of the sphere under our experimental conditions.
It is clear that the magnetic force has to be stronger than the drag force to produce displacement against the blood flow. Due to the pulsed nature of the blood flow, the magnetic particle will tend to oscillate while being controlled in the blood vessels. Hence, the control software that is being developed in our laboratory is synchronized with electrocardiogram measurements in order to compute its feedback command. Its refresh rate has to be fast enough to allow a stable control. In clearer terms, it must compute a new command several times/s in order to compensate heartbeat which frequency is around 1 Hz. It is of interest to note that blood flow oscillations are damped by vessels walls and become smaller and smaller as the blood travels further from the heart.
In order to achieve a strong magnetic force, the parameters to be maximized are the magnetization of the microdevice and the magnetic field gradient generated by the gradient coils of the MRI system. The magnetic force is expressed as (7) In (7), is the magnetic force (N), is the magnetization of the material (A/m), is the volume of the ferromagnetic body , is the magnetic field (T), and is the directional derivative of the magnetic field. The term is the duty cycle representing the time that the magnetic gradients are applied within each cycle as described later in more details.
Clinical MRI systems currently provide tens of mT/m of gradients in any direction for imaging purposes. Such gradients can also be used to produce a magnetic force vector in any directions through the magnetic coils. To produce a strong magnetic force, magnetic materials having strong magnetization are required. In this context, ferromagnetic materials are suitable because they have the strongest magnetization with a saturation value represented as which is higher than other magnetic materials. The amplitude of is the most important magnetic characteristics for propulsion since typical 1.5 T magnetic fields found in clinical MRI systems are strong enough to saturate a ferromagnetic core. Permendur with the highest saturation magnetization is of particular interest in this application since it could provide the highest magnetic force/unit of volume.
III. EXPERIMENTS
Experiments were conducted in order to measure the influence of magnetic field gradients from an MRI system on a ferromagnetic sphere. The experimental setup consisted of a cylindrical rigid polymethylmethacylate (PMMA) tube containing the ferromagnetic sphere acting against a flow of water circulating though the tube. For each experiment, the tube was oriented along the , and directions within the bore of a 1.5 T Siemens Magnetom Vision MRI scanner capable of providing maximum gradients of 25 mT/m. This paper focuses on the results obtained along the direction or vertical axis since these data are the most relevant in terms of the effect of weight and buoyancy. Data obtained along the horizontal directions can be found in our previous studies [4] , [33] .
During propulsion, the excess of heat in the coils is also a constraint. The cooling system for the gradient coils in a standard MRI system is designed for imaging purpose and as such, it cannot evacuate the excess of heat generated by the coils when used continuously at maximum amplitude. When used to propel a ferromagnetic core, a larger duty cycle is required compared to imaging and thus, the temperature of the coils is reduced during the experiments by applying lower gradient amplitudes in order to increase the duty cycle.
The ferromagnetic spheres used for the experiments were made of 1010/1020 carbon steel with a diameter of 3.14 mm. equipped with a control valve were placed outside the room where the MRI system was installed. Inside the MRI bore, the flexible PVC tubing was connected to a straight cylindrical PMMA tube with a diameter of 6.65 mm. The PMMA tube was placed vertically inside the MRI bore ( direction). The tube was supported by three PMMA plaques that could be oriented independently to adjust the tube along the vertical axis. For each experiment, a 1010/1020 carbon steel sphere was placed inside the PMMA tube with the water flowing upward. One filter was placed at each extremity of the tube to maintain the sphere within its boundaries. A second valve was placed at the outlet of the PMMA tube and was used to adjust the water flow. This valve was completely made of plastic since it was placed inside the MRI bore. Fig. 1 shows photographs of the experimental setup. During the experiments, the ferromagnetic sphere was under the influence of the drag force , propulsion magnetic force , the buoyancy and of its own weight . The following gradients were applied: 18 mT/m, 16 mT/m, 14 mT/m, 12 mT/m, 9 mT/m, 8 mT/m, 7 mT/m, , , , , , , and . A positive gradient generates an upward magnetic force while a negative gradient generates a downward magnetic force. For each gradient value, a duty cycle of 83.3% was used with a 12-ms period (i.e., 10 ms of continuous applied gradient within each period of 12 ms) and other experiments were performed with a continuous 5 ms of gradients (41.667% duty cycle). In the initial phase, the position of the ferromagnetic sphere was stabilized and the water flow was measured prior to the application of a gradient. Once the gradient was applied, the position of the ferromagnetic sphere was stabilized again and the new water flow rate was measured. For each gradient-duty cycle combination, the equilibrium water flows were measured three times and averaged. The mean water velocity was calculated by dividing the equilibrium flow measurement by the tube's cross sectional area according to . The mean water velocity without magnetic force was measured as . In order to increase the quality of the data, the measurements were normalized according to the mean water velocity without magnetic force. The experimental setup aimed at simulating peripheral arteries and as such, the diameter of the tube and the corresponding flows were chosen to be of the same order of magnitude as the ones in adult's arteries.
IV. RESULTS
In Fig. 2 , the velocity measurements for each duty cycle and magnetic field gradient combination is compared with the output of the theoretical model described previously for water and for blood. Experimental data are plotted by weighting the gradient amplitudes by the corresponding duty cycle. As shown in Fig. 2 , a standard MRI system can generate enough magnetic force to propel a ferromagnetic sphere inside a flow in a duct with properties close to the ones found in real arteries in terms of diameter, fluid density, flow, and Reynolds number. Water was used instead of blood in these experiments. The reason for this choice was the necessity to use a transparent fluid for monitoring by visual means. Blood's density and viscosity being, respectively, 1.05 and 3.5 times higher than water, the theoretical prediction of the use of blood instead of water in our experiments taking these properties in account is also plotted in Fig. 2 .
This vertical experimental setup allows the measurements to be freed from the influence of friction between the sphere and tube walls. It simulates an endovascular navigation case where the gradient coils would be strong enough to levitate the sphere . For the experiments, two different duty cycles were used to confirm the relation between magnetic force and the term in (7) . The experimental results indicate that to make the ferromagnetic spheres withstand the same water flow rates, applying gradients of 18, 16, and 14 mT/m with gave the same results as using gradients of 9, 8, and 7 mT/m, respectively, with (measurements are less than 1 standard deviation away).
The theoretical values plotted in Fig. 2 were calculated from Munroe's correlation [32] by equating the drag force with the vector sum of the sphere's weight , buoyancy , and magnetic force , and weighted according to the duty cycle . Munroe's correlation relies on measurements of the equilibrium velocity of spheres suspended in a tube and subjected to rising flows of water. The velocity of the flow is greatest in the center of the tube, and least at the walls, where it is retarded by friction. Hence, the smaller a sphere is compared to the diameter of the tube, the more it tends to drift radially in the tube. In Munroe's experiments, the spheres were physically constrained to remain centered in the tube. It was not the case in our experiments, where the sphere was free to drift radially in the tube. The differences between the theoretical calculations and the experimental data are 9.36% and 10.40% for , and , respectively. These differences are strongly dependent upon experimental conditions. We attribute them to experimental imprecisions due to fluctuations in drag force when the sphere drifts radially in the tube. In the human body, the velocity profile of the blood flow is different in every blood vessel with fluctuations over time. In this paper, a simple flow model such as Munroe's was used to compare with our data from the experimental setup.
The shape of the immersed body is of primary importance. An ellipsoid for instance, would experience a lower drag force than a sphere with the same volume providing the capability to withstand a higher flow rate since its drag coefficient would be lower [38] . However, since a magnetized body tends to remain oriented in the direction of the magnetic field, core geometries such as ellipsoids or other nonspherical shapes can be a problem when navigating in tubes or blood vessels with complex geometries, in particular through curvatures with a relatively small radius.
V. DISCUSSION
Other existing clinical MRI systems (for an example, see [39] ) can generate 66 mT/m gradients, inducing up to 3.66 times more magnetic force (with 100% duty cycle) than the MRI system used in our experiments. Using such a system with a ferromagnetic sphere of the same dimensions but made of Permendur could generate up to 5.37 times more magnetic force when a duty cycle of 100% is used. Theoretical calculations predict that a Permendur sphere would have been able to withstand a 0.71 m/s water mean velocity under the same experimental conditions. The proposed theoretical model was validated by comparison with other experimental studies [28] , [32] and with the data obtained from our MRI-based propulsion experiments. This model allows us to evaluate the propulsion force required for ferromagnetic core of different dimensions to be propelled in blood vessels of different diameters.
The magnetic force from an MRP system must have two vectored components (8) (9) In a horizontal blood vessel for instance, a magnetic force is required for levitation to detach the ferromagnetic body from the lower wall of the blood vessel while the magnetic propulsion force (determined by estimating the drag force on the ferromagnetic body) allows the ferromagnetic body to move against the blood flow. In the above equations, is the weight of the ferromagnetic device, is its buoyancy, and the apparent weight. can be a disadvantage in the case where the ferromagnetic device has to move upward, requiring an increase of the magnetic force . But if the ferromagnetic core has to move downward, would contribute to the movement and the required magnetic force would be reduced accordingly as shown in Fig. 3 .
In the conditions of Fig. 4 , the drag force is stronger than the weight for small ratios of sphere/tube diameters. When the diameter ratio is increased, the weight of the ferromagnetic sphere becomes higher than the drag force until the wall effect becomes predominant. There is a region of sphere/tube diameter ratios where the weight of the sphere compared to the drag force is optimized and where higher terminal velocities can be reached.
In Fig. 4 , the horizontal line corresponds to the unit force ratio. Between the two intersection points, the weight is stronger than the drag force and sphere moves downward if it is placed at a 1 m/s blood flow in a 2.5-cm tube. On the left and right hand side of the intersection points, the sphere is carried away by the blood flow. The optimal diameter ratio is the minimum of the curve. In this case, it is . In our particular application, the forces acting on the ferromagnetic sphere are the drag force , the weight , the buoyancy , and the magnetic force . The last three forces are proportional to the volume of the sphere that is to say, to the cube of its radius. Hence, a sphere subjected to any combinations of these forces will show a similar optimal diameter than the one computed for the falling sphere. The optimal sphere/tube diameter ratio is only a function of the cube of the radius. Hence, the and both reach their minima with the same sphere/tube ratio. Therefore, the function can be used to determine the optimal sphere radius for a given diameter of blood vessel and the corresponding blood flow parameters.
Based on our previous results, Fig. 5 shows a prediction of the magnetic field gradients that would be required to navigate a potential microdevice in the cardiovascular system. To be more realistic, the prediction assumes that 50% of the volume of the spherical microdevice is made of Permendur leaving 50% of the volume for the target application. The microdevice diameters that are used in calculations of Fig. 5 , are chosen to optimize when the diameter of the blood vessel is fixed. In Fig. 5 , propulsion gradients correspond to an average value over the gradient period, i.e., a 100 mT/m gradient with a duty cycle of 50% is equivalent to a gradient of 50 mT/m with a duty cycle of 100%.
In Fig. 5 , to navigate in the aorta where the diameter of the blood vessel is in the order of 25 mm with a maximum blood flow velocity of , a spherical microdevice with an overall diameter of 10.5 mm containing 50% Permendur would require a minimum of with 100% duty cycle and adjusted to the change in velocity of the blood flow. An increase of the propulsion force could potentially be obtained by increasing the percentage of Permendur in the core for some applications. In veins and arteries with an inside diameter of the blood vessel of approximately 4-5 mm and a maximum average blood flow (not as pulsatile as the Aorta) of 0.3-5 cm/s and 10-40 cm/s for the veins and arteries, respectively, a very small gradient amplitude would be required for the veins but problematic in the case where the flow increases to more than approximately 30 cm/s in arteries depending on the duty cycle used. In large veins (5-30 mm inner diameter), the average blood velocity is between 15 and 20 cm/s with a maximum blood velocity between 50 and 90 cm/s. In such a case, the required gra- dient is and 50 to 100 mT/m for arteries (2-6 mm inner diameter) with maximum blood velocities between 20 and 50 cm/s, depending on the concentration of ferromagnetic material in the core.
It is important to specify that in much smaller diameter blood vessels, the problem of propulsion is quite different. First, blood velocity decreases from more than 1 meter/s in the aorta to less than 1 mm/s in the capillaries. Moreover, in small blood vessels, high shear rates and the Fahraeus-Lindqvist effect [40] tend to reduce blood's viscosity and hence the Reynolds number increases and the drag coefficient decreases accordingly. Furthermore, the gradients required to navigate a ferromagnetic core in small blood vessels such as capillaries for instance, are beyond the gradients that a clinical MRI system can provide without the addition of a gradient coil especially designed to provide such propulsion gradients. As such, the model described in this paper assumes a larger sphere propelled in a corresponding larger blood vessel.
VI. CONCLUSION
In this paper, we introduce the first attempt to use an MRI system as a mean of propulsion for a ferromagnetic body. The proposed mathematical model conforms relatively well with the results of the experiments and indicates that a clinical MRI scanner could be used to generate enough magnetic force to move a ferromagnetic body in the cardiovascular system. Finally, it was found that an additional gradient coil could be necessary to provide enough magnetic field gradients for the navigation of ferromagnetic cores in smaller blood vessels.
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